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Abstract: Characterization of microvascular changes during neoplastic progression has the
potential to assist in discriminating precancer and early cancer from benign lesions. Here, we
introduce a novel high-resolution microendoscope that leverages scanning darkfield reflectance
imaging to characterize angiogenesis without exogenous contrast agents. Scanning darkfield
imaging is achieved by coupling programmable illumination with a complementary metal-oxide
semiconductor (CMOS) camera rolling shutter, eliminating the need for complex optomechanical
components and making the system portable, low-cost (<$5,500) and simple to use. Imaging
depth is extended by placing a gradient-index (GRIN) lens at the distal end of the imaging fiber
to resolve subepithelial microvasculature. We validated the capability of the scanning darkfield
microendoscope to visualize microvasculature at different anatomic sites in vivo by imaging the
oral cavity of healthy volunteers. Images of cervical specimens resected for suspected neoplasia
reveal distinct microvascular patterns in columnar and squamous epithelium with different grades
of precancer, indicating the potential of scanning darkfield microendoscopy to aid in efforts to
prevent cervical cancer through early diagnosis.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Dysregulated angiogenesis provides a highly predictive biomarker for early detection of malignant
progression. Many clinical studies have shown significantly increased microvessel density during
the transformation of normal mucosa to invasive carcinoma in the oral cavity [1-4], cervix
[5,6], Barrett’s esophagus [7] and lung [8]. In addition, morphological alterations of surface
microvessels are observed during cancer progression. Several studies report altered microvessel
diameter in cancerous lesions compared to normal tissue [4,8,9]. In a study of invasive squamous
cell carcinoma of the lung, for example, Shibuya et al. demonstrated that the structure of
microvasculature is altered from regular shapes of loops and networks to irregular dotted and
spiral morphologies [8]. Increased irregularity and complexity of microvascular morphology
were also observed in malignant lesions in the oral cavity [10,11], larynx [12], cervix [13] and
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Barrett’s esophagus [7,9,14], indicating that microvascular morphology can be an important
predictive factor for early cancer detection.

A range of optical techniques have been used for in vivo microvascular imaging at both
microscopic and macroscopic scales, and various contrast mechanisms have been studied. In
fluorescence microscopy [15-21], exogenous contrast agents, such as fluorescein, are used to
image blood vessels. Alternatively, label-free approaches have been developed to visualize
vasculature by leveraging endogenous contrast via tissue scattering and hemoglobin absorbance,
and vasculature has been visualized using laser speckle contrast imaging [22-25], optical
coherence tomography (OCT) [26-33], photoacoustic imaging [34-37], narrowband imaging
(NBI) [38—40], and darkfield imaging [41-44]. Nonetheless, the clinical use of these label-free
modalities is usually hindered by their high cost, limited resolution, and large form factor. For
example, commercially available NBI endoscopes are usually expensive and provide macroscopic
imaging of the vascular network at a low resolution. OCT angiography [32,33] provides 3D
microscopic images of microvessels, but image quality can suffer from motion artifacts due to
low frame rates.

To extend clinical applicability to different anatomic sites, vascular imaging can be performed
via thin and flexible fiber optic bundles. Confocal laser endomicroscopy is a commercially
available platform obtaining high-resolution images through a coherent fiber bundle with
fluorescein as a contrast agent [20,21]. The fiber bundle is placed in direct contact with the
tissue epithelium and relays an optical image to the proximal end, which is imaged by an external
confocal microscope. Images are displayed to clinicians on a monitor at video frame rate in
real time. However, in order to highlight the vascular network, fluorescein is intravenously
administered prior to imaging. Alternatively, high hemoglobin absorption in the visible spectrum
can provide endogenous contrast for label-free vascular imaging in reflectance mode. However,
the implementation of reflectance imaging with a fiber-optic imaging system is hindered by
strong internal reflection generated at the surfaces of the fiber bundle.

In this work, we present the first demonstration of a high-resolution microendoscope integrated
with scanning darkfield imaging (DF-HRME) for in vivo and label-free microvascular imaging.
The DF-HRME images reflected light at 525 nm illumination; endogenous absorption of
hemoglobin provides microvessel contrast. To reject strong internal reflection in the fiber-optic
system, we implemented scanning darkfield imaging using a digital light projector (DLP) as the
illumination source and a complementary metal-oxide semiconductor (CMOS) camera with a
rolling shutter as the imaging sensor. The system is portable, low-cost (<$5,500) and simple
to calibrate. In addition, we designed a fiber-based imaging probe with an extended focusing
depth to image subsurface microvessels. We first compare the performance of scanning darkfield
imaging to non-scanning widefield imaging. We then validate the capability of DF-HRME to
image microvessels in the oral cavity of healthy volunteers in vivo. Finally, we demonstrate the
ability of DF-HRME to resolve distinct microvascular features when imaging freshly resected
cervical samples with precancerous lesions. Our results suggest that microvascular imaging with
DF-HRME is a promising approach to image vascular changes that accompany development of
precancer and early cancer.

2. Methods

2.1. DF-HRME system design

As shown in Fig. 1(A), the DF-HRME system consists of a portable scanning darkfield microscope,
a handheld imaging probe and a laptop. When imaging with the DF-HRME, a thin and flexible
imaging bundle is placed directly onto the tissue epithelium. The bundle relays an optical image
to the back-end optical system. High-resolution images of microvasculature are displayed to
clinicians in real-time. Images of microvasculature can be shown in high contrast without the
need for an exogenous contrast agent. A photo of the DF-HRME imaging setup is shown in
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Fig. 1(B), with the DF-HRME in a portable case (22.9cm x 38.1 cm X 7.62cm). A graphical
user interface (GUI) programmed in MATLAB (The MathWorks, Natick, Massachusetts) is
implemented on a laptop to control the DF-HRME and display images in real-time.
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Fig. 1. (A) Block diagram and (B) photograph of the portable DF-HRME imaging system.
The distal tip of a thin, flexible fiber optic bundle is enclosed in a 3D-printed probe holder
and placed in contact with the tissue epithelium. The probe relays the image to the portable
optical system at the proximal end of the bundle. The system is controlled via a GUI on
a laptop; high resolution video of microvasculature is displayed in real time without the
need for an exogenous contrast agent. (C) Optical diagram of the DF-HRME. Scanning
darkfield illumination is used to enable reflectance imaging of microvasculature through
the fiber bundle. A DLP is used to project a scanning structured illumination pattern at
the proximal face of the fiber bundle; synchronized detection is performed using a CMOS
camera. An offset is introduced between the illumination and detection apertures to reduce
internal reflection. Arrows indicate the directions of scanning at the probe surfaces, DLP
and CMOS camera. DF-HRME: scanning darkfield high-resolution microendoscope; DLP:
digital light projector; CMOS: complementary metal-oxide semiconductor camera; GUI:
graphical user interface.

The optical schematic of the DF-HRME is shown in Fig. 1(C). Illumination is provided
using a DLP (LightCrafter 4500, Texas Instruments, Dallas, Texas). To provide contrast for
imaging microvasculature, the green LED on the DLP is used with a bandpass filter (525/45 nm,
FF01-525/45-25, AVR Optics, Fairport, New Jersey) to take advantage of high hemoglobin
absorption. Reflected light is captured using a CMOS camera (FL3-U3-120S3C-C, Teledyne
FLIR, Wilsonville, Oregon) with a rolling shutter. A sequence of illumination patterns that
are complementary to detection apertures are projected; an offset between the illumination and
detection apertures is programmed to reject direct internal reflection from fiber surfaces. To
synchronize the two aperture sequences, a triggering signal is sent from the DLP to the camera.
The projected patterns are collimated by a lens (f = 100 mm, AC254-100-A, Thorlabs, Newton,
New Jersey) and focused through a 10x objective (#86-818, Edmund Optics, Barrington, New
Jersey) onto the proximal end of an imaging probe. The imaging probe, consisting of a coherent
fiber bundle and a gradient-index (GRIN) lens attachment (described in Section 2.3 in detail),
further relays the focused illumination patterns to the tissue. Darkfield signal collected by the
imaging probe is collimated and focused onto the CMOS camera by a tube lens (f = 100 mm,
AC254-100-A, Thorlabs, Newton, New Jersey). Two mirrors (PF10-03-G01, Thorlabs, Newton,
New Jersey) are mounted onto two right-angle mirror mounts (KCB1, Thorlabs, Newton, New
Jersey) for precise scanning darkfield alignment. In addition to darkfield imaging, we also used a
linear polarizer (LPVISE100-A, Thorlabs, Newton, New Jersey) and a polarizing beamsplitter
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cube (CCM1-PBS251, Thorlabs, Newton, New Jersey) to further suppress background signal due
to internal reflection. The total cost of goods to assemble the DF-HRME was less than $5,500.

2.2.  Synchronization and scanning darkfield imaging

A major barrier for reflectance imaging through a fiber bundle is the presence of strong internal
reflections from its surfaces. In this section, we describe the detailed design of the illumination
and detection aperture sequences to enable darkfield imaging (Fig. 2(A)). In rolling shutter
mode, a detection line aperture scans the entire CMOS sensor at a fixed row frequency to
complete one readout, as illustrated by the blue parallelogram filled with diagonal lines in the top
panels of Fig. 2(A). During widefield imaging, no illumination aperture sequence is provided
and the entire field of view (FOV) is illuminated while the rolling shutter scans across the
CMOS sensor (top left panel, Fig. 2(A)). The spatial-temporal overlap of illumination with the
detection aperture sequence results in strong background signal due to internal reflection from
the fiber bundle surfaces, significantly degrading image contrast. During darkfield imaging, DLP
illumination patterns are synchronized with the rolling shutter to achieve scanning darkfield
imaging (top right panel, Fig. 2(A)). The spatiotemporal coordination of illumination and
detection aperture sequences for non-scanning widefield imaging and scanning darkfield imaging
is also demonstrated in Visualization 1. The resulting background images (when illumination
is on and no target is imaged with fiber in air) in Fig. 2(A) show that darkfield illumination
significantly suppresses internal reflection. This is confirmed by Fig. 2(B), showing that the
intensity of the background is reduced by 83% in darkfield imaging compared to widefield
imaging.

The detailed implementation of darkfield illumination is in principle similar to our previous
work on a line-scanning confocal HRME [45,46]. By adjusting the shutter time, the size of the
detection aperture (or the number of rows in the CMOS sensor that are concurrently exposed)
can be controlled:

D= Txf, €]

where D is the width of the detection aperture, T is the shutter time, and f is the row scanning
frequency of the CMOS sensor. In our current DF-HRME setup, a line aperture width of
120 pixels is used, which corresponds to 30 um at the proximal end of the imaging probe.
As previously discussed [45,46], it is impractical to achieve a one-to-one match between the
illumination aperture and the detection aperture. The reasons are that the DLP refresh rate (1.3
kHz) is significantly lower than the scanning rate of CMOS rolling shutter (49 kHz), and the
number of illumination patterns that can be stored in DLP is limited. To address the disparity
of scanning in illumination and detection, each illumination pattern corresponds to a series
of detection apertures when using scanning darkfield imaging (top right panel, Fig. 2(A) and
Visualization 1). In DF-HRME, 24 binary patterns are preloaded in the DLP memory buffer and
projected to match 3000 distinctive detection apertures (the total number of rows in the CMOS
sensor) in a single frame acquisition. The size and duration of projected illumination patterns
are adjusted to ensure a spatiotemporal offset between the illumination aperture sequence and
detection aperture sequence, with the timespan of the entire illumination sequence matching the
single-frame acquisition time. By adjusting the aperture width and the spatiotemporal offset
when imaging the oral cavity of normal volunteers, we observed that the overall signal level
changed, but there were no notable changes in contrast or resolution. In the current study, we
empirically selected the aperture design that achieves high signal levels while ensuring that there
is no overlap between illumination and detection aperture. A sequence of illumination line pairs
is used in the current DF-HRME setup. The line widths are 4D and their centers are separated by
8D in Fig. 2(A), corresponding to 120 um and 240 pm at the proximal end of the imaging probe,
respectively.
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Fig. 2. Scanning darkfield imaging is implemented to suppress background signal due to
strong internal reflection from fiber bundle surfaces. (A) Schematic of the spatiotemporal
coordination of illumination and detection aperture sequences for non-scanning widefield
imaging and scanning darkfield imaging. In widefield imaging, the entire field of view is
illuminated by the DLP as the detection aperture (width D and shutter time T) of the CMOS
camera scans across the entire sensor to capture image information. In scanning darkfield
imaging, a sequence of illumination line pairs (width 4D and spaced by 8D from center
to center) is scanned across the field of view synchronized with but spatially offset from
the detection aperture sequence. The corresponding background images captured with no
sample are shown below; scanning darkfield imaging suppresses internal reflection. (B)
Normalized background signal for the DF-HRME system in widefield and scanning darkfield
modes. (Scale bar: 100 um)

2.3. Design and characterization of imaging probes

To obtain in-focus images of subsurface vasculature in the oral cavity, a GRIN lens was used to
extend the working distance of a bare fiber bundle. As shown in Fig. 3(A), a | mm diameter
GRIN lens (1050-002176, Inscopix, Mountain View, California) is attached to the distal end of
a coherent fiber bundle (790 + 50 um circular field of view, FIGH-30-850N, Fujikura, Tokyo,
Japan) to relay the fiber focal plane to an imaging plane below the tissue surface. A range of
probe imaging depths (d;) can be achieved by adjusting the working distance at the fiber side
(d1) during fabrication. To guide the fabrication process, we measured the relationship between
d; and dp; results are shown in Fig. 3(B). During the experiment, optical epoxy was applied
to fill the gap between the fiber bundle and the GRIN lens. Water immersion was used on the
object side to simulate the imaging depth in biological tissue. Based on the calibration curve
in Fig. 3(B), three imaging probes with imaging depths of 70 um, 170 pym and 270 pm were
fabricated. The imaging depth of the probe approximately indicates the depth of the vessels that
are in focus within the measured depth of field (40 pm) of the imaging probe. The measured
FOV of these probes are 764 um, 790 um and 819 pm diameter respectively, indicating minimal
magnification changes vs. imaging depths. The resolution for all probes is ~4 um, which is
limited by the size of fiber cores.

To fabricate a fiber probe with extended imaging depth that can be used for in vivo imaging,
the GRIN lens is housed within hypodermic tubing that has a 12.7 mm length, 1.5 mm outside
diameter and 1 mm inner diameter. Medical-grade optical epoxy (MED-301, Epoxy Technology
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Fig. 3. Design and characterization of sub-surface imaging probes. (A) Schematic of the
imaging probe inserted in a probe holder. Inset shows detailed design of the distal end of the
imaging probe. A GRIN lens is epoxied to the distal tip of the bundle to extend the focusing
depth. (B) Experimental measurements demonstrate the relationship between probe imaging
depth (d;) and the distance between the fiber bundle and the GRIN lens (d;) for all imaging
depths (blue dashed line), and for three imaging probes designed to image at depths of 70,
170 and 270 um beneath the tissue surface (orange dashed line). (C) Photograph of imaging
probe before (left) and after (right) insertion into a 3D-printed probe holder to facilitate in
vivo imaging.

Inc, Billerica, Massachusetts) is applied and cured inside the tubing to provide refractive index
matching and to seal the probe. The picture of the fabricated imaging probe with affixed GRIN
lens is shown in the left panel of Fig. 3(C). The imaging probe retains the flexibility and the small
form factor of the tip, ensuring its applicability in different anatomic sites. When performing in
vivo imaging, the imaging probe is inserted into a 3D-printed probe holder for steadier movement
control (Fig. 3(C), right panel). The probe holder was printed using Form 3B (Formlabs,
Somerville, Massachusetts) with fully biocompatible Surgical Guide Resin.

2.4. Invivo imaging of oral cavities of healthy volunteers

In vivo imaging using DF-HRME was performed in the oral cavities of healthy adult volunteers
at Rice University. The study was approved by the Institutional Review Board of Rice University.
Written informed consent was obtained from all participants. Imaging probes underwent standard
cleaning and high-level disinfection prior to each use. When performing in vivo imaging, the
imaging probe was placed in gentle contact with the tissue at different anatomic sites within
the oral cavity, including floor of mouth, lip, ventral tongue, lateral tongue, gingiva and buccal
mucosa. Real-time images of microvasculature were displayed on a laptop screen using the
MATLAB GUI. No contrast agent was applied during imaging. A background image was
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acquired prior to imaging, and background subtraction was performed automatically during
imaging to remove residual internal reflection background and further improve image contrast.

Using a probe with an imaging depth of 70 pm, we compared darkfield and widefield images
from the same anatomic regions. This was achieved by recording successive image frames from
the same location with darkfield and widefield illumination patterns projected using the DLP. The
imaging probe was placed approximately perpendicular to the tissue epithelial surface to ensure
that the entire imaging surface was in contact with the tissue. Minimal pressure was applied to
the tissue to avoid impeding blood flow in the microvasculature. A decrease in the contrast of
microvasculature was observed when the pressure was significantly increased during imaging.
Widefield and darkfield frames were captured sequentially within a few seconds while the imaging
probe was held in position. Therefore, similar contact pressure and angle were maintained when
acquiring widefield and darkfield image pairs. System parameters were adjusted to match the
brightness of widefield images and corresponding darkfield images. Image pairs from different
anatomic sites within the oral cavity were acquired and image quality was compared for the two
modalities. To compensate for motion between successive frames during in vivo imaging, image
registration was performed and a 400 um by 400 um region of interest (ROI) was selected for
each image pair.

To facilitate evaluation of microscopic features, we first applied a Gaussian filter to the images
to remove the intrinsic fiber bundle pattern. We then linearly adjusted the brightness of the images
to be at the same level, and linearly enhanced the image contrast. The same image processing
procedure, including background subtraction, image smoothing, brightness adjustment, and
contrast enhancement, were applied to widefield and darkfield image pairs. Line profiles at the
same location were plotted to compare image contrast. Vasculature contrast was calculated using
the Michelson contrast formula:

_ -
Contrast = oL 2)

where I, and I, represent the intensity of the background and vasculature, respectively.

In order to evaluate darkfield system performance at different imaging depths, additional in
vivo imaging of oral sites in healthy volunteers was performed using the DF-HRME with a
bare fiber bundle (no GRIN lens; 0 pm imaging depth) and with imaging probes with extended
imaging depths of 70 um, 170 um and 270 um. All images were processed using the same image
processing procedure described above except the contrast enhancement process. Here we used
adaptive histogram equalization instead of the linear enhancement method to improve the image
contrast. To evaluate the difference in image quality at different imaging depths, line profiles
were plotted across a representative vessel in each image.

2.5. Clinical imaging of ex vivo cervical specimens

To assess the potential of DF-HRME imaging to image changes in microvasculature associated
with development of cervical precancer, we performed ex vivo imaging of freshly resected cervical
specimens containing lesions suspicious for cervical precancer. The study was conducted at The
University of Texas MD Anderson Cancer Center (MD Anderson). The protocol was approved
by the Institutional Review Boards of MD Anderson and Rice University. Patients who were
scheduled to undergo LEEP (loop electrosurgical excision procedure) for treatment of cervical
dysplasia, who were 18 years of age or older, and who had a negative pregnancy test were eligible
for the study. Written informed consent was obtained from all participants.

Imaging probes underwent standard cleaning and high-level disinfection prior to each use.
Following the LEEP, the removed cervical specimen was immediately imaged using the DF-
HRME. The tissue surface was cleaned using sterile swabs and saline to remove surface debris.
DF-HRME imaging in scanning darkfield mode was then performed without any contrast agent.
To evaluate image quality at different imaging depths, probes with imaging depths of 0 um, 70
um, 170 um and 270 pm were used. The position of the DF-HRME probe tip was recorded
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throughout the imaging procedure using a video camera. Images from DF-HRME and the video
camera were saved with time stamps, which were used to correlate DF-HRME images to the
corresponding locations of the imaged sites. After DF-HRME imaging, the cervical specimen
was sent to the pathologist within the expected time for histopathological diagnosis per standard
of care. The DF-HRME images were correlated to the standard-of-care histopathology diagnosis
and corresponding histopathology images based on their spatial locations as the gold standard.

3. Results

3.1.  Widefield vs scanning darkfield imaging

Figure 4 compares widefield and darkfield images obtained at various anatomic sites within the
oral cavity of a healthy volunteer. As shown in Fig. 4(A), the widefield images exhibit significantly
lower contrast compared to darkfield images at all anatomic sites. Scanning darkfield imaging
enabled the visualization of some microvascular features which were difficult to observe using
widefield imaging (indicated by red arrows). Intensity profiles were plotted along the line scans
(red dotted lines) at the same locations in widefield and darkfield images. As shown in the intensity
profiles, vessels are clearly resolved in darkfield images. In comparison, vascular contrast was
considerably lower in widefield images, and some microvessels cannot be distinguished from
the background. Contrast improvement was consistent across different anatomic sites within
the oral cavity. Figure 4(B) shows a quantitative comparison of contrast for an additional 25
representative microvessels. The results demonstrate that scanning darkfield imaging consistently
provides enhanced contrast for all microvessels, with an average 3-fold improvement in contrast
compared to widefield imaging.

3.2. In vivo oral imaging with multiple imaging depths

To assess the capability of the DF-HRME to resolve vasculature beneath the tissue surface, we
performed DF-HRME imaging using probes with different imaging depths. Four imaging probes
were utilized to image different anatomic sites within the oral cavities of healthy volunteers. A
total of 20 healthy volunteers were enrolled in this study. Representative DF-HRME images with
intensity line profiles of selected microvessels (red arrows) are shown in Fig. 5. When using
a bare fiber bundle (0 pm imaging depth), oral vasculature was observed but was out of focus
at all anatomic sites. The microvessels appeared as dark shadows with diffuse borders. At an
imaging depth of 70 um, the morphology of microvessels was clearly resolved with improved
resolution. At this depth, hairpin-like capillaries were observed in images from all anatomic sites,
and the loop shapes, which were not distinguishable when using 0 um imaging depth, were well
discerned. At 70 um imaging depth, the branching vessels observed in the floor of mouth were
also better defined with sharper edges. The improvement in image quality was further confirmed
by intensity line profiles through representative vessels. When using the imaging probe with
a 170 um imaging depth, vascular morphology was resolved with good focus. However, when
imaging depth was extended to 270 um, only out-of-focus vessels were observed in images from
all oral anatomic sites; this is confirmed by the corresponding line profiles. Overall, these results
demonstrate that microvasculature images of high quality are obtained from the oral cavity with
DF-HRME imaging depths of 70 ym and 170 um.

As shown in Fig. 5, a variety of vascular features were observed across different oral anatomic
sites. When using the imaging probe with a 70 um imaging depth, large branching and elongated
vessels (indicated by blue arrows) were observed in images from the floor of mouth, as shown in
Fig. 5(G). At this depth, fine hairpin capillaries (indicated by green arrows) were observed at
other oral anatomic sites, which are characterized by one ascending and one descending branch
forming a small loop (Figs. 5(H) —5(L)). Hairpin capillary loops observed in images from the
gingiva reveal shorter tails (Fig. 5(K)) compared to other anatomic sites. Different microvascular
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Fig. 4. Scanning darkfield images consistently shows improved image contrast compared
to widefield images. (A) Comparison of representative images acquired using widefield
imaging and scanning darkfield imaging at different anatomic sites in the oral cavity of
a healthy volunteer. Images were acquired using a probe with a 70 um imaging depth.
Corresponding intensity profiles along the red dashed lines are plotted for each image pair.
Red arrows indicate the microvascular features that are clearly resolved in darkfield images
but not distinguishable in widefield images. Black brackets denote vessels resolved in
darkfield images. (B) Relationship between widefield and darkfield image contrast from 25
randomly selected microvessels. Each point indicates the contrast of one microvessel. WF:
widefield imaging; DF: scanning darkfield imaging. (Scale bar: 100 um)

features can also be observed at the same anatomic site when imaging at different depths. In
images of the lip, ventral tongue and lateral tongue, hairpin capillary loops were visualized at
an imaging depth of 70 pm (Figs. 5(H) —5(J)), and branching vessels were observed at these
anatomic sites at an imaging depth of 170 um (Figs. S(N) —5(P)). These results show that at
various oral anatomic sites within the oral cavity, DF-HRME reveals different subepithelial
microvascular features with high spatial resolution.

3.3.  Exvivo imaging of cervical specimens

To evaluate the capability of DF-HRME to visualize microvascular structures at varied depths
in neoplastic and non-neoplastic cervical lesions, we performed DF-HRME imaging of ex vivo
cervical specimens excised during LEEP. A total of ten patients were enrolled in this study.
Figure 6 shows representative DF-HRME images from ten cervical LEEP specimens when
imaging at four depths. For cervical tissue, microvascular patterns were in better focus at all
anatomic sites using probes that focus at depths of 0 and 70 pm, compared to depths of 170
and 270 um. DF-HRME images show distinct microvascular features at different anatomic sites.
Elongated vessels were clearly resolved in DF-HRME images of columnar epithelium (Fig. 6(A))
and squamous epithelium with ulceration (Fig. 6(D)). DF-HRME images of normal squamous
epithelium and high-grade squamous intraepithelial lesion (HSIL) show hairpin capillary loops



Vol. 14, No. 10/1 Oct 2023/ Biomedical Optics Express 5106 |

Biomedical Optics EXPRESS -

Floor of Mouth Lip Ventral Tongue Lateral Tongue Gingiva Buccal Mucosa

Opm

70 um

170 pm

Fig. 5. Representative DF-HRME images acquired using probes with different imaging
depths (0 um, 70 ym, 170 um and 270 pm) at different anatomic sites in the oral cavity
of healthy volunteers. Intensity line profiles of representative microvessels (red arrows)
are shown at the bottom right of each panel. Vasculature is in focus and clearly resolved
in images acquired by probes with imaging depths of 70 um and 170 um. Focused large
branching vessels (blue arrows) and hairpin capillary loops (green arrows) are highlighted.
(Scale bar: 100 pm)

respectively in Fig. 6(C) and 6(E). As shown in Fig. 6(B), elongated vessels and capillary loops
were observed in DF-HRME images of squamocolumnar junction (SCJ).

Representative DF-HRME images obtained at 0 and 70 pm depths from various sites within
the cervical specimens with different histopathologic results, together with corresponding
histopathology images are shown in Fig. 7. At a representative site of columnar epithelium
(Fig. 7(A)), DF-HRME images revealed branch-like vessels, which have large diameters and
form a network structure. The vascular patterns observed in DF-HRME images of normal
columnar epithelium match the finding in other colposcopy studies, where network-like vessels
are found in nonmalignant columnar epithelium [47]. The vascular features were in focus with
well-defined morphology when using a bare fiber with an imaging depth of 0 um, indicating that
these vessels are located in the superficial epithelium. This finding was further confirmed by the
corresponding histopathology image, which showed the presence of vessels at the superficial
surface of the epithelium, as indicated by black arrows. When using the probe with 70 pm
imaging depth, the vascular features could still be discerned with good quality. As the columnar
epithelium transforms into squamous epithelium at the SCJ, as shown in Fig. 7(B), a combination
of branching vessels and hairpin capillary loops is observed in DF-HRME images, and there
is a clear boundary between the distinct vascular patterns at the transition between columnar
and squamous epithelium. These findings are consistent with the corresponding histopathology
image, which confirms the presence of microvessels in both epithelial types; notably, the vessels
are close to the surface in the columnar epithelium, and beneath the squamous epithelium.



Vol. 14, No. 10/1 Oct 2023/ Biomedical Optics Express 5107 |

Biomedical Optics EXPRESS -

Squamous Squamous
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Fig. 6. Representative DF-HRME images acquired at different imaging depths from 10
cervical LEEP specimens show various microvascular patterns at different anatomic sites
and with different pathologies. In cervical tissue of all types, vasculature is better resolved
at imaging depths of 0 and 70 um compared to depths of 170 and 270 ym. DF-HRME:
scanning darkfield high-resolution microendoscope; LEEP: loop electrosurgical excision
procedure; SCJ: squamocolumnar junction; HSIL: high-grade squamous intraepithelial
lesion. (Scale bar: 100 pm)

In DF-HRME images of normal squamous epithelium (Fig. 7(C)), a few regularly spaced and
parallelly distributed hairpin capillaries with small loops are observed. The vascular features
match the finding in previous colposcopy studies, where hairpin capillary loop was reported as one
representative vascular type observed in normal squamous epithelium [48]. Hairpin capillaries
were observed at both imaging depths. The corresponding histopathology image showed normal
squamous epithelium but fewer microvessels in the subepithelial region compared to columnar
epithelium. In images acquired from the squamous epithelium with ulceration (Fig. 7(D)),
elongated vessels with less organized arrangements than Fig. 7(A) were visualized. The
corresponding histopathology image revealed ulcerated epithelium with increased vascularization.
The DF-HRME image from a representative site of HSIL shown in Fig. 7(E), reveals capillaries
with tortuous shape, twisting, termination and arrangement. Similar microvascular patterns
were also observed in cervical intraepithelial neoplasia as reported in colposcopy studies [48].
The corresponding histopathology indicated increased vasculature in the lesion, consistent with
the high vessel density observed in DF-HRME images. Results of this ex vivo clinical study,
including images from different precancerous lesions (Fig. 6(E) and 7(E)) and corresponding
histopathology, suggest that DF-HRME can image changes in vascular pattern that accompany
the development of cervical precancer.
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A Site #1 B Site #2 C Site #3 D Site #4 E Site #5
Columnar

scl Squamous(Normal) Squamous(Ulceration) Squamous(HSIL)

0 pm

70 um

Histopathology

Fig. 7. DF-HRME of cervical LEEP specimens clearly reveals distinct microvascular
features with different anatomic locations and histopathologic results. DF-HRME images
at imaging depths of 0 and 70 pm are shown along with corresponding histopathology
images. (A) At a representative site of columnar epithelium, DF-HRME images show
branching vessels with a network structure at the superficial surface. The histopathology
image confirms the presence of several vessels at the superficial columnar epithelium (arrow).
(B) At a representative SCJ site, DF-HRME images reveal the transition of vascular features
from branching vessels to individual hairpin capillary loops. Arrows in the histopathology
image indicate the depth change of vessels at SCJ. (C) At a representative site of the
normal squamous epithelium, hairpin capillaries with small loops that are relatively straight
and parallel to each other can be observed at both O um and 70 pm imaging depths in
DF-HRME images. The histopathology image shows the presence of a few microvessels in
the subepithelial region. (D) At a representative site of squamous epithelium with ulceration,
elongated vessels with multiple branches are observed in DF-HRME images. Black arrows
in the corresponding histopathology image indicate the presence of dense vasculature in
the ulceration area. At a HSIL lesion, the DF-HRME images show tortuous capillary loops.
The histopathology image indicates increased vasculature in HSIL. DF-HRME: scanning
darkfield high-resolution microendoscope; LEEP: loop electrosurgical excision procedure;
SCJ: squamocolumnar junction; HSIL: high-grade squamous intraepithelial lesion. (Scale
bars for DF-HRME and histopathology images: 100 pm)

4. Discussion

In this work, we present a fiber-optic microendoscopy system capable of performing high-
resolution, label-free and real-time imaging of epithelial microvasculature. Compared to previous
fiber-optic fluorescence microscopes, the DF-HRME system consists of two key components: 1)
a scanning darkfield microscope that suppresses internal reflection for label-free vascular imaging
in reflectance mode, and 2) a coherent imaging fiber bundle with a GRIN lens attachment for
extended imaging depth. Through precise alignment and synchronization of the illumination
and detection aperture sequences, scanning darkfield imaging is achieved without the need for
mechanical scanning, which significantly reduces the complexity and cost of the system (cost
of goods < $5,500). In vivo images from the oral cavity demonstrate that scanning darkfield
imaging consistently improves image contrast compared to non-scanning widefield imaging;
moreover, DF-HRME clearly resolves the morphology of microvessels at different anatomic sites.
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Furthermore, we demonstrate that DF-HRME reveals distinct microvascular architecture from
different anatomic sites in ex vivo cervical specimens, which has potential clinical importance in
discriminating neoplastic and non-neoplastic lesions.

Although dysregulated angiogenesis is a highly predictive biomarker for early cancer detection,
there remain major obstacles for applying current microvascular imaging technologies in clinical
settings. The use of commercially available confocal laser endomicroscopy is limited to tertiary
centers due to high cost, and it also requires intravenously injected fluorescein as an exogenous
contrast for vascular imaging [20]. While multiple imaging techniques utilize the high optical
absorption of hemoglobin as an endogenous contrast mechanism for label-free vascular imaging,
their clinical application is often hampered by large form factor, high cost and limited resolution.
As demonstrated in the current work, DF-HRME utilizes a thin, flexible and small-form-factor
fiber bundle for label-free imaging of microvasculature in high resolution. We validated the
imaging performance of DF-HRME by in vivo imaging in the oral cavity and ex vivo imaging of
cervical specimens, and it can be readily adapted for in vivo imaging in different body lumens,
such as the anal canal, colon, and esophagus. Previous studies have demonstrated in vivo
application of fluorescence microendoscopes in the anal canal [49], colon [50], and esophagus
[50,51] using a similar forward-viewing imaging fiber. These studies validate the potential of
adapting the forward-viewing DF-HRME imaging probe for in vivo application in these lumens.
Furthermore, the cost of goods for the DF-HRME is low, making it possible to deploy in various
clinical settings, including medical facilities with limited resources. Our study demonstrates
that the optimal imaging depth for visualizing microvasculature varies depending on the specific
organ site. DF-HRME imaging probes can approximately indicate the depth of microvessels that
are in focus within the depth of field, which can be potentially used as a clinical biomarker for
precancer or cancer detection [52]. The current imaging probe design can be adapted for various
clinical applications by fabricating probes with different fixed imaging depths. Future research
should focus on improving the probe design to enable the imaging depth to be adjusted while
preserving valuable features of the current probe design, including its low cost, small form factor,
and the ease of disinfection.

We evaluated the capability of DF-HRME to visualize microvascular architecture in cervical le-
sions by imaging ex vivo cervical LEEP specimens. Our preliminary clinical results demonstrated
that DF-HRME was able to identify distinct and clinically relevant microvascular patterns at
different anatomic sites, which holds potential to assist in detecting precancerous lesions and early
cancers. It is important to note that matching the same microvasculature between DF-HRME
images and histopathology images is challenging due to different imaging planes for the two
sampling methods. To provide a better histological correlation in its 3D context, DF-HRME can
be potentially combined with other cross-sectional imaging techniques such as OCT angiography
or 3D histopathology techniques. Nevertheless, the observed differences in microvascular features
at various anatomic sites and imaging depths are consistent with histopathology images, such
as the microvascular pattern transition at the SCJ. Given the promising results, more clinical
samples are necessary to fully understand the relationship between microvascular features and
the different stages of cancer progression in the cervix. A larger clinical sample size is warranted
to perform a more comprehensive assessment of the clinical importance of DF-HRME for cancer
detection with statistical significance. Future research will focus on developing diagnostic criteria
using microvascular patterns to distinguish normal cervical tissue from precancerous lesions
(low-grade and high-grade) as well as early invasive cancer. In addition, studies can also be
designed to evaluate the system usability for endoscopic imaging applications in other organ sites.

5. Conclusion

In conclusion, we present a low-cost, portable, noninvasive and easy-to-use microendoscope for
high-resolution and label-free in vivo microvascular imaging. Digital apertures on the DLP and
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CMOS sensor are utilized to achieve scanning darkfield imaging with no complex optomechanical
components needed. DF-HRME showed consistent ability to resolve microvasculature during in
vivo imaging of the oral cavities of healthy volunteers, as well as ex vivo imaging of cervical
LEEP specimens. Preliminary results from the clinical study demonstrated that DF-HRME has
the potential to aid in discriminating neoplastic and non-neoplastic cervical lesions. If successful
in further studies, this technology could allow for the real-time diagnosis of precancerous lesions
without the need for a biopsy. This would decrease patient loss to follow-up and improve cancer
prevention and early detection in low-resource settings.
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